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Annomauua: B a3mou cmambe Moi npedcmaéelAeM 4YUCTeHHbIU NOOXOO paciyenjteHua no @u3zuueckum npo- 
yeccam C ucnojb306aHUuem npeodpazoeanua Pypve (SSFT) Ona pewenua oOHOMepHOZO HemUHeUHOZO 
ypaenenua LIpedunzepa (NLSE), Komopoe ekiiouaem 6 ceba mepMUH nomepd 6 BoOKHe. XomA 3MO 
OCHO6HOe ypaeHenue OnpedelAem PacnpocmpaHeHue UMNYAbCA 6 ONMUYECKOM BONOKHE C NoOMepsAMU, OHO 
He noddepacuedemcA MOYHbIM aHaluMUYecKUM peweHuem. OCHO6bIGAaACb Ha 3MOM, YUCIeHHbIE 
pe3yasmamet MATLAB nodmeepacoaiom, umo 4ucieHHellt nodxod paciwenneHnuaA no qu3uyecKum 
npoyeccam Cc ucnolb306aHuem npeobpazoeanua Pypoe (SSFT) Oemoncmpupyem npeseocxodnylo 
npou3zeodumelbHOCMb’ NO cpaeHeHUuIo C OpyeumMu NpedOICeHHbIMU CXeMaMU NpU MOdeIUpOBaHuU 
PacnpocmpaHeHuA COMUMOHOEG 6 ONMUYECKOM 6OMOKHE C Nomepamu. 


Kuroueeoie cnoea: nenuneinoe ypaenenue IIpedunzepa (NLSE), wuciennoiti nodxod pacwenjlenua no 
qbu3uuecKum npo—yeccam, onmuyeckKue BOOKHA, NceBOOCcCneKMpabHolll Memood Pypve. 


Baegzenne 


YpaBHeHHA B 4aCTHbIX MpOM3BOQHbIX — IHMPOKO HCIOJIb3yeMbIM MaTeMaTHYeCKHH aliliapaT pu 
pa3paOoTKe Mojesieli B pa3IM4HbIX OOJIaCTAX HayKH WM TeXHHKH. K coxKasleHHi0, ABHOe pellieHHe ITUX 
ypaBHeHHii B aHaJIMTHYCCKOM BHJe BO3MOXKHO TOJIBKO B YaCTHBIX IPOCTbIX CJIyuaAX, H, KaK CJIe]{CTBHE, 
BO3MOXKHOCTh aHayiv3a MaTeMaTH4eCKHX MOsesei OOecteuMBaeTCA IyTeM pellleHHA 39THX ypaBHeHuli 
TIpHOJKeHHEIMM YACICHHBIMM MeTOAaMH. B mocseqHue TOAbI HeMMHeHHbIe SBOIONMOHHbIe ypaBHeHHA 
CTaJIM OUCH AKTHBHOM OONACTHIO AIA ONMCaHHA pa3JIM4HbIX OOJAacTei HeMHeMHBEIX HaykK. OHOMepHoe 
HeyIMHeHHOe ypaBHeHue LIpequnrepa (1D NLSE) sapuaetca knaccu4ueckKuM ypaBHeHvem rosa. Ero 
HanOoslee BbIAaIOlMecA MpWIOKCHHA CBA3AHbI C PaCcIIpOCcTpaHeHHeM CBeTOBbIX BOJIH B OMNTHYCCKHX 
BOJIOKHaX HM IWlaHapHbIX BOJIHOBOJaX Hapsyy co MHOrMMH Apyrumu [1]. B uactHoctu, 1D NLSE 
IipeyctTaBiaeT CoOoM HemMHeMHOe ypaBHeHHe B 4YaCTHBIX MIpOH3BOAHBIX BTOPOrO TopAyKa, IpHMeHuMoe 
Kak K KjlaccH4uecKoH, Tak HW K KBaHTOBOM MexaHuke. HemuHeitHoe ypaBHeHue Lpeauurepa oOnagaet 
ype3BbI4uaHHO BbICOKOM YHHBEpCaIbHOCTbIO HM MPHMeHACTCA JIA OMMCAHHA BOJIHOBbIX IIPOLWeCCOB BO 
MHOrHx OOacTAX PU3HKH: B TCEOPHH MOBePpXHOCTHBIX BOTH [1], B MOMeuAX 9BOMIOMMN paciipeyenenuii 
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Tla3MeHHbIX KOeOaHHH [2], HemMHeMHOM onTuKe [3], Ouodu3uKe u T. 0.. HemuHeitHoe ypaBHeHue 
Ipeauurepa onnucpiBaeT paciipoctpaHeHve HeIMHeMHbIX JICHTMIOPOBCKHX BOJIH, BOJIH B rryOOKOH Bore; 
BOJIHBI B JIMHHAX TWepeyauv, akyCTH4eCKMe BOJIHbI B 2KMKOCTAX C My3bIPbKaMM UH, Ipexe BCcero, 
pacipoctpaHeHve OlMTHYecKOrO W3IyYeHHaA B HevIMHeMHEIX cpefax. THMMuHbIM TmpHMeHeHHeM 
HejMHeHHOrO ypaBHeHua UIpequurepa saBiaeTcaA QMHaMHKa OMTHYeCKHX MMITyIbCOB B ONTH4YeCKOM 
BOJIOKHe. OBOJIOUMA BO BpeMeHH ornOarollei OnTH4ecKOrO UMIyIbca B BOJIOKHe XOpoOrlo 
alllIpOKCHMUpyeTca HeIMHeMHbIM ypaBHeHuem LIpequurepa, BKuIIOUad ONMCaHHve O4eHb JVWIMHHBbIX 
TpaHCOKeaHCKHX ONTH4eCKHX JIMHHM CBA3H, CM., Hampumep, [4, 5]. 


PaccmMaTpuBaemoe HeMHeiHoe ypaBHeHue UIpeaqunrepa aBsiaetca HeMHeHMHbIMU WudpdepeHuMasIbHbIM 
ypaBHeHHAM C YaCTHbIMM IIpOw3BOAHbIMH, KOTOpPOrO B OOMIeM Cilyyae HeJIb3A PCWIMTb aHasIMTHUeCKH. 
Ilootomy pv pelieHHH aHHOM 3aa4H MpHMeHAIOTCA MeTOZbI YMCICHHOrO MOyeMpoBaHHna. Mc- 
TIOJIBSYeMBbIe JIA PeleCHHA ypaBHeHHH paclipocTpaHeHHA YHCIICHHbIC MCTOJbI MOXKHO pa3j{esIMTb Ha [Ba 
Kylacca: TICe€BJOCIIeKTpasIbHbIe + MeTOJbI WM KOHC4YHO-pa3HOCTHBIe cxeMbI. B oOnmem§ cilyyae 
IICEBAOCIIeKTPasIbHble MCTOJbI OKa3bIBaIOTCA Ha MOPAOK OBICTpee, YEM Pa3HOCTHbIe CXeMBI, IPH TOM %*e 
TouHocTH cuéta [6]. HanOonee pacipocTrpaHéHHbIM MeTOJOM pellieHHA ypaBHeHHi ABsIAeTCA MeTOL 
paciljlemieHua m0 :u3H4ecKHM IpoleccaM Cc UCIOb30BAaHHeM TIpeoOpa30BaHua Dypbe Ha JIMHeHHOM 
tare (Split-Step Fourier Method, SSFM) [7, 8]. laHHprii Meroy mpoct B peasM3aitMu, ObICTp HM UMeeT 
BBICOKYIO TOYHOCTB 10 BpeMeHHOM TMepeMeHHOH. bobwilad CKOpOCTb cyéTa MeTONa pacilfeleHHA 
WOCTHraeTca OaroapA UCHOUb30BaHHIO asIrOpuTMa OpbicTporo mpeoOpa3oBaHua Dypse [9]. 


1. Metoxosiorua. 


B 9Tol cTaTbe mpeycTaBIeH 4MCIICHHbIM MOAXON C paciileryIeHHbIM WaroM MmpeoOpa30BaHua Dypbe 
(SSFT) ia pemieHua ofHOMepHoro§ HeIMHeMHOrTO §=ypaBHeHua LUIpéguurepa (NLSE). 9ror 
BICYATIAIOMMH YHCIeHHbIM MeTO HeOOXOAHM JJIt NOHMMaHHA HeIMHeMHOCTH BOJIOKOHHOM OMTHKH, 
IIOCKOJIBKY B 9TOM TIpoliecce lpeCcTaBsIeHbI Kak JHCiepcua, Tak U HeMHeMHbIe 9pdextTb!. MMeHHoO ero 
MOXHO 93()(PeKTHBHO UCIOUb30BaTb JIA MOeUMpOBaHHA paclipocrpaHeHHA CBeTOBbIX MMITYJIbCOB B 
ONTHYeECKOM BOJIOKHeE Ha KOpOTKOe paccrosHue h. B yomowHeHHe K STOMY TMOe3HO YYIHTbIBATb ero 
IIpeHMyllecTBO B BHe Ooee ObIcTporo NToAXoWa, OCOOeCHHO MO cpaBHeHHIO C TOAXOOM KOHCYHBIX 
pa3Hoctet. B uacrnoctu, 1D NLSE mpegctrapnaer coOol HemMHeitHoe ypaBHeHwe B 4acTHBIX 
IIPOM3BOJHbIX BTOPOTO MopsAAKa, IpHMeHHMOe Kak K KIaccCH4eCcKOH, TaK HW K KBAHTOBOM MexaHikKe. ITO 
MO2KHO 3alHCaTb Ce AYIOUMM OOpa3om [2]: 

Ow ay 


in aR lye y, C1) 


W(x,0) = Wo(x) (2) 


IlepectaBiaa aeHbI ypaBHenua (1) B Bue 
ow 

—=(L+N)y, (3) 

At ( yw 


2 
IIpeano02%KHM, 4TO JIMHeMHBIM Oleparop paBeH L =i e - 
Ox 


, 2 HeIMHeMHbIM Ollepatop paBeH N=yily|’. 


3aTeM MBI pa3jeIMJIH ero Ha Be 4acTH, YTOObI PeMIMTb WpoOsIemy cuezyIoOuMM OOpa3om. Uacts nepBas, 


HeIMHeHMHBIM War BBOXHTCA Kak: OV _Ny,rne N=yi|w/. CoteqoBatembHo, aHaIMTH4ecKoe pellieHve 
ot 
OyeT UMeTb CIeAYIOMMi BUT: 


w(x, t +7) =exp(itN)y =exp(ity| w))y. (4) 
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Uactb Bropad, JIMHeMHbIM War BBOJMTCA, MOCKOJIBKy pas = Ly. MbI IpHMensem mpeoOpasoBanne Dypse kK 
ot 


o6eHM cTOpoHaM, 4TOOBI MmpeoOpa30BaTb PDE B ODE B yacToTHot oOmacTH, YTOOBI OONeruHTb ero 
pellieHue, cllesyrouluM oOpa3om: 


iw =-~ik’y. (5) 


YpapuHennue (5) eMOHCTpupyeT aHasIMTH4eCKOe pellieHve MpesbILyWlero ypaBHeHHA, HO BbIYMCJICHHOE B 
yacTOTHOM OONAacTU: 


W(x, t +1) = exp(—ik* t)W. (6) 


IIpH THCKpeTH3alHu UpOu3BOAHOK 10 BPeMeHH MepBoro NOpAAKAa C MCIOJIb3OBAaHHEM COOTBETCTBYIOLICrO 
COOTHOWCHHA KOHCYHBIX pa3HocTeii. B KOHI[e KOHI[OB, MbI IIpHMeHAeM OOpaTHOe mpeodpa3s0BaHHe 
@ypbe K OOeuM 4acTAM, YTOOBI MOUYINTh OKOHYATCJIBHOe ypaBHeHHe, IpeycTaBeHHoe HuxKe [7]: 


W(x, t+) =F | (exp(-ik’ 1) -Flexp(i ty | w|’)y)). (7) 
2. UncJIeHHbIle pe3y.1IbTaTbI 


B 9TOM pa3yelle MpOBOAMTCA MHOXKeCTBO OOO3HAYeCHHBIX YHCICHHbIX IIpHMepoB, YTOObI TpOBepHuTs, 
HaCKOJIbKO 3°:)@eCKTHBHEIMH, ObICTPbIMH HW TOYHSIMH ABJIAIOTCA IpeylaraeMble UYHMCICHHbIe MeTOBI, 
ocoOeHHO TIO cpaBHeHHIO C TOUHBIM aHasIMTH4eCKHM pelwieHvemM. B uacTHOCTH, IporpaMMHoe 
oOecneaenne MATLAB ucnomp30Baoch JIA 3allycKa 9THX TeCTOB, KOTOPbIC BbIMOUHAIMCh IA 
W3MepeHHA TOUHOCTH pa3JIM4HbIX UMCIICHHBIX TOAXOM0B, OWeCHKH OWHOKH HU BbIOOpa HanOosee 
HaexKHOTO UM OBICTporo HOAXoMa Wid pewieHua ofHOMepHou NLSE. Bo Bcex mpeyyioxKeHHbIX MeTOax 
NLSE pemlaetca QUcKpeTHO IPH pa3yIM4HbIX 3HAYeCHHAX BPeMeHH UM Upoctpauctsa [9]. Ja ancneHHoro 
3KCIePHMeHTAa MBI JJMCKpeTH3MpyeM IIpocTpaHcTBeHHy!0 OOslacTb x oT -10 yo 10, 3aqaBaa MapaMeTpbI B 


ypaBHeHun (1), cooTBeTCTBeHHO. DTO IPHBOAUT K rumepOosuMuecKOMy CeKyII[eMy HadasIbHOMY YCJIOBHIO 
[10]: 


@(x,0)= V2 exp{ 3x } see (8) 


CBa3aHHBbIe Cc HYJICBLIMH TpaHiN4HbIMUu YCJIOBMAMU TlIOKa3aHbI HWKEC: 
wL,=0, yA-L,)=0. 9) 


IIpOHcxoAMT B x=—L,Lu aat>0. Mb HaHecuM pellieHve, MOJyYeHHOe C MOMOLIb1IO HallIMxX YHCICHHBIX 


MeTOJOB, B IIpocTpaHcTBeHHOM oOmactu x oT —10 go 10 u Bo BpemMeHHO OOacTu t oT 0 go 1 c 
MCIIOJIb3SOBaHHeM pa3JIM4HBIX MpOCTpaHCTBeHHBIX IWaroB Ax =0.1+1 Up BpeMeHHOM Imare At =0.001, 


BbIYHCJICHO B MOMCHT BpeMeHH t=0.1+1. Hata crpaterua MOjeuMpoBaHHaA 3akIOUaeTCA B 
HCIOJIb3OBAHHM pa3sIM4HbIX MPOCTpaHCTBeHHBIX WaroB h mpu *PUKCHpoOBaHHBIX Apyrux MapaMeTpax, a 
3aTeM B ajlaliTallMv pa3JIM4HbIX BPCMeCHHBIX WaroB T 6e3 H3MeHCHHA OCTAJIbHBIX TapamMeTpos. Pa3smepsi 
9THX WaroB Oespa3MepHbl, H UX 3HAYCHHA OMpeeAIOT TOUHOCTA 9KCIIepHMeHTa. B yacTHOCTH, 4eM 
MeHbIlle HX 3Ha4eHHA, TEM TOUHeEe CTaHOBHTCA puOsMxKeHHOe 4YHcNeHHOe perieHue. Ha puc. 1-3 
TOKa3aHbl rTpapuKU TOUHOTO APKOTO OAHOCOMTOHHOTO pellieHHA B TpexX H3MepeHHAX, YTOOKI BO BPeMA 
lIpollecca cpaBHeHHA TOUHO CPOKYCHpOBaTb BHUMAHHe Ha (bakTHYecKOo (opMe ITOTO MMITyJIBCAa. 
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Fig.l. A 3D graph of approximate numerical solution of 1D NLSE using the split-step Fourier 
transform (SSFT) approach t = 0.1, 02, 03. 


Fig.1. A 3D graph of approximate numerical solution of 1D NLSE using the split-step Fourier 
transform (SSFT) approach (a) t = 0.4,0.5, 06. 


Fig.3. A 3D graph of approximate numerical solution of 1D NLSE using the split-step Fourier 
transform (SSFT) approach (a) t = 0.7, 08,1. 


CorsacHo pe3yJIbTaTaM, lIpeJ{CTaBJIGHHbIM Ha 9THX PHCYHKax, MeTOJ paciileneHHa 10 PU3H4eCKHM IIpo- 
leccaM C HCIOUb30BaHHeM TpeoOpa30BaHua Dypbe obecriequBaeT BbICOKYIO TOUHOCTb UHCJICHHBIX 
pelieHui HemMHeiHOoro ypaBHeHua LIpegqunrepa. C azpyroi cTropoHsbil, KaK BHHO W3 PHCyHKOB, 
pe3yJIbTaT, TOJYYeCHHbIM TO HeABHOM 9KCIOHCHIMaIbHOM pa3HOCTHOM cxeMe, MMeeT JIy4UHMe 
pe3yJIbTAaTI, UCM Pe3YJIbTATbI, MOJIYACHHbIe 10 A PyrHM YHCIICHHbIM CX€MaM. OTH pac4deTbI NOKAa3bIBaIOT, 
4TO TOUHOCTh pellleHHii JOCTaTOUHO BbICOKa JlaxKe B CIIy4ae HEOONbINIOTO NCA Y3IOB CETKH. 
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3aks104“eHHe 


B jaHHOM wUccieqoBaHHH paccMaTpuBaeTCA MeTOA paciienseHHa 0 u3H4ecKHM IIpolleccam c 
HCIOJIb30OBaHHeEM TIpeoOpa30BaHua Dypbe Id YMCeHHOrO MOJeIMpOBaHHA HeMHeMHOrO ypaBHeHHA 
Ipequnrepa. [pudnmxenuble pemienua HesMHeMHoro ypaBHeHua Lpéqunrepa mosyyeHbi C MOMOLIbIO 
mporpammMp! Matlab . Iloxa3aHo, uro NpeyiaraeMbI MeTO] 3HAYHTEIbHO YBEJIMYMBAeT BEIYMCJIMTCJIbHbIC 
3aTpaTbl. OTO yslydilieHve CTaHOBHTCA Oosee 3HAYMTeIbHbIM, OCOOeCHHO JIA OOJbIIMX BPeCMeHHBIX 
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